The energy requirement for translocation of alkaline phosphatase and the outer membrane protein OmpA into Escherichia coli membrane vesicles was studied under conditions that permit posttranslational translocation and, hence, prior removal of various components necessary for protein synthesis. Translocation could be supported by an ATP-generating system or, less well, by the protonmotive force generated by D-lactate oxidation; the latter might act by generating ATP from residual bound nucleotides. However, when protonmotive force inhibitors were used or when ATP was further depleted by E. coli glycerol kinase, D-lactate no longer supported the translocation. Furthermore, ATP could still support protein translocation in the presence of proton uncouplers or with membranes defective in the F1 fraction of the H+-ATPase. We conclude that ATP is required for protein translocation in this posttranslational system (and probably also in cotranslational translocation); the protonmotive force may contribute but does not appear to be essential.
In eukaryotic cells, secretion of proteins across membranes could well derive energy from protein synthesis, since a tight coupling of translation and translocation (1) and firm attachment of the secreting ribosomes to membranes (2) have been reported. However, in bacterial systems neither the attachment of ribosomes (3) nor the tight coupling of translocation and translation (4) (5) (6) (7) (8) has been found. Thus, the source of energy to translocate proteins across bacterial membranes remains a central problem (4, 7, 8) . Studies in intact bacterial cells have provided evidence for a requirement for an energized membrane: dissipation of the protonmotive force (pmf) by carbonylcyanide m-chlorophenylhydrazone (CCCP) or by valinomycin blocked processing and translocation of several outer membrane and periplasmic proteins (9) (10) (11) (12) . Moreover, CCCP inhibited processing of several precursors that had accumulated in the presence of membrane perturbants (13, 14) . Similarly, in an in vitro system, compounds that eliminated pmf inhibited translocation into Escherichia coli membrane vesicles (15) . However, in this in vitro system, ATP must be present for protein synthesis; hence it is difficult to distinguish between a direct role of pmf and an indirect role, generating ATP.
An opportunity to investigate this problem in greater detail arose from our recent finding (5) 
MATERIALS AND METHODS
Bacterial Strains and Media. The strains used in this work are all E. coli K-12. MC1000/pHI-5 (16) , which contains the phoA gene in a plasmid, was a source of mRNA for alkaline phosphatase as well as a source of stable mRNA for OmpA protein (15) . The RNase I-strain D10 was used for preparation of S30 extracts (supernatants after centrifugation of homogenates at 30,000 x g) and of inverted membrane vesicles. The media and conditions for the growth of these strains are as described (15) . For comparing membranes with or without functional ATPase, AN120 (uncA410 arg) and AN180 (arg), obtained from F. Gibson (17) via T. Wilson (Harvard University), and JSH79 (uncA thiA met asn) and JSH2 (thiA asn), obtained from J. S. Hong (Boston Biomedical Research Institute), were subcultured and maintained in minimal medium supplemented with the required amino acid and with glucose. The ATPase-phenotype of AN120 and JSH79 was confirmed by their inability to grow with succinate as carbon source.
Preparation of Various Fractions. Inverted membrane vesicles, mRNA, and S30 were prepared as described (5 
RESULTS
Energy-Dependent, Posttranslational Translocation. Employing the posttranslational translocation of alkaline phosphatase and OmpA protein into E. coli membrane vesicles (5), we developed a system in which translocation was stringently dependent on the addition of an exogenous energy source. In this system, the translocated products are defined as those (precursor and mature proteins) that are resistant to Pronase digestion and that sediment with membrane vesicles. To this end, after synthesis of the protein precursors in the absence of membrane, high-energy-phosphate sources (ATP, GTP, phosphoenolpyruvate) were removed by Sephadex gel centrifugation through a short column. Several kinds of Sephadex gel bead and various centrifugation times were assessed for their effectiveness in removing [y-32P]ATP with little loss of the precursor proteins. In the most satisfactory procedure, which was adopted for routine use, centrifugation through a Sephadex G-50-150 column for 2.5 min removed >98% of ATP while allowing the recovery of 70-95% of the precursors.
After centrifugation through a second column, the mixture containing the precursors was completely inactive for subsequent translocation with membranes ( Fig. 1 Fig. 1 , each component was tested for its activity in supporting translocation. As Fig. 2 shows, the active compound was ATP (lanes 7 and 8): maximal activity was obtained at 3-5 mM. The strong stimulatory effect of phosphoenolpyruvate (lanes 4 and 5) can be attributed to the regeneration of ATP, in conjunction with pyruvate kinase (which was present in the protein synthesis reaction mixture and would not have been removed by Sephadex filtration) and adenine nucleotides, presumably bound tightly, either to enzymes (e.g., aminoacyl-tRNA synthetases) or to membranes (19 (Fig. 2, lanes 9-11) (Table 3) . Table 3 further shows that other nucleotides tested, including deoxynucleotides and ADP, could replace ATP for translocation but were not as effective, with one exception: dATP consistently supported higher amounts of protein translocation than did ATP. With the possible exception of dATP, the activity of the others was evidently due to conversion to ATP, since the presence of hexokinase (plus glucose) or glycerol kinase (plus glycerol) abolished the translocation supported by these compounds but only partially inhibited dATP-driven translocation. It should be noted that extracts of the type used contain a highly active nucleoside diphosphokinase (23) . In contrast, AMP could not substitute for ATP but inhibited ATP-dependent translocation (Table 3 ). These data indicate that the hydrolysis of ATP (or dATP) is required for protein translocation. DISCUSSION Building on our recent finding that translocation can be separated from translation in an in vitro system (5), we now have found that translocation of alkaline phosphatase and OmpA protein into E. coli membrane vesicles requires ATP or an ATP-regenerating system (Figs. 1 and 2 ), rather than pmf alone. This conclusion is based on several lines of evidence. First, D-lactate-driven translocation is evidently due to the generation of pmf, which allows the synthesis of ATP via H+-ATPase, since the translocation is inhibited by inhibitors of respiration or proton uncouplers as well as by E. coli glycerol kinase (plus glycerol); the latter is highly specific for ATP as substrate (21, 22) and has been used to deplete ATP to demonstrate the specificity of DNA polymerase (24) , but it should have no effect on pmf. Second, the ATP-driven protein translocation can still take place in the presence of compounds that dissipate pmf and that inhibit D-lactatedriven translocation. Third, with mutants defective in the F1 portion of the ATPase, which cannot hydrolyze ATP to generate pmf, membrane vesicles could not utilize D-lactate but could still use ATP, even in the presence of a proton uncoupler, to translocate proteins. We (Table 1) . It is well known that an ATP-regenerating system is more effective than ATP alone for other processes that require ATP (see also Fig. 2 ).
This interpretation differs somewhat from the generally held view that the electrical potential or pmf is required for protein translocation in bacteria. This view is based primarily on the finding that inhibitors of pmf prevent the maturation of precursor proteins in E. coli cells (9) (10) (11) (12) (13) (14) . However, it is now clear that translocation and maturation of a precursor are separable events, that a precursor can be translocated without cleavage, and that maturation is not necessarily a good indicator oftranslocation (5, 6, 25, 26) . Moreover, it has been reported that pmf is not obligatory for cell growth, since E. coli cells can grow on medium containing CCCP (27) ; hence pmf may not be essential for translocation of the proteins that are necessary for cell growth. Another possibility is that some proteins utilize pmf for translocation and others utilize ATP. Finally, pmf may contribute to the faster kinetics ofprotein translocation and processing of precursors in the cells.
In our earlier, less active translocation system, in which translocation and translation were not uncoupled, protein translocation (but not synthesis of precursors) was prevented by inhibitors of pmf (FCCP and valinomycin). It had therefore been suggested that the energy source appears to be energized membrane and not ATP (15) . However, in that system, ATP was also consumed in protein synthesis and was probably also depleted faster by the larger amount of ATPase-containing membranes used than in the current reconstituted ATP-replenished system. pmf may thus have been required for the regeneration of ATP. This was verified directly by the observation that addition of excess phosphoenolpyruvate during protein synthesis in that system relieved the inhibition (data not shown). Depletion of ATP could also explain the puzzling observation that early addition of membrane vesicles, during protein synthesis, or the presence of an excessive amount of membranes not only failed to enhance but actually decreased translocation (5, 15) . Indeed, protein translocation under these conditions was increased by the further addition of ATP after protein synthesis (unpublished data).
A similar in vitro protein translocation system from E. coli, which can translocate proteins posttranslationally across inverted membranes, has recently been described and reported to depend on the retention of the F1 portion of H+-ATPase (6) . This contrasts with our observation that membrane vesicles prepared from mutants defective in this fraction could still translocate proteins (Table 2) ; moreover, our most active membrane preparation was obtained in EDTA and low ionic strength buffer, conditions which release the F1 portion (15) . Indeed, these membrane preparations were low in H+-ATPase activity, measured directly as N,N'-dicyclohexylcarbodiimide-sensitive hydrolysis (data not shown), and some could not utilize D-lactate for translocation; yet all preparations could utilize ATP to translocate proteins. Thus it seems possible that the requirement for F1 of H+-ATPase in that system (6) might be for regeneration of ATP. On the other hand, our data do not rule out the involvement of other subunit components (e.g., FO) of H+-ATPase, not directly involved in ATP hydrolysis, in protein translocation.
A requirement for ATP for posttranslational translocation of protein has also been reported for chloroplasts (28) . The translocation of proteins into mitochondria, in the opposite direction to that in the bacterial membrane, has been reported to require pmf (29, 30) ; whether the pmf provides energy directly or acts by generating ATP is not known. The endoplasmic reticulum of eukaryotic cells does not have a pmf, and even though theoretical calculations have suggested that the energy of peptide chain elongation or peptide folding could be adequate (31, 32) , it may well be that ATP is required. This mechanism would eliminate an apparently major difference in the source of energy for protein translocation in eukaryotic and prokaryotic cells.
The exact role of ATP in supporting protein translocation is not known. Moreover, dATP appears to serve better than ATP for this activity. Further work is needed to define the functions of these nucleotides and interacting proteins.
